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n  True first-principles non-perturbative computations 

n  Indispensable bridge between experiment and theory, allowing new 
physics to be discovered.  A part of precision frontier.   
n Symmetries are key ingredients  
    (gauge symmetry, chiral symmetry) 

Lattice Gauge theories 

n   LGT and BNL  

n  ’79   Lattice Gauge simulation [ M. Creutz ] 

n  ’83-  Electro Weak Matrix Element   
            [ Bernard & Soni,…. ] 

n  ’97-  Domain-Wall Fermions (DWF) 
  Nf=0 quenched   [ Blum & Soni ] 

n  ’99-  Riken-BNL-Columbia [ RBC ]    

n  ’02-  DWF Nf=2  up, down quarks  [ RBC ] 
 

n  ’05- DWF Nf=2+1 up, down, strange  quarks [ RBC-UKQCD ] 

n  ’10 DWF Nf=2+1,  continuum limit   [ RBC-UKQCD ] 
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Domain-‐Wall	  quarks	  	  	  	  	  
good	  chiral	  symmetry	  
small	  unphysical	  mixings	  
•  Small	  discre:za:on	  error	  
•  simple	  chiral	  extrapola:ons	  
•  Unitary	  
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QCDOC(’05) ~ 10Tflops peak 

  NYBlue(’07)~ 130 Tflops peak 

QCDOC(’05) @Edinburgh~ 10Tflops peak RIKEN	  RICC	  (‘09)	  ~	  110	  Tflops	  peak	

FNAL/Jlab	  ~	  160	  Tflops	  peak	

Intrepid	  (‘08)	  ~560	  Tflops	  peak	

IBM	



Organization	
 

n  BNL HEP Theory 
M. Creutz, TI, C. Jung*, 
A. Soni, R. Van de Water, 
O. Witzel*,  
R. Arthur, T. Kawanai¥, T. Misumi¥ 
                                       (* SciDAC,  ¥ JSPS) 

n  RIKEN BNL Columbia (RBC) Collaboration 
(1998-) 

•  RIKEN-BNL Research Center 
1.5 fellows, 2 PostDocs,  
3 long-term visiting scientists 

•  Columbia University 
2 faculty, 2 PostDocs, 
8 Students 

•  University of Connecticut 
1 faculty, 2 PostDocs, 2 Students 

Harvard, Yale, 
Virginia (Google), Regensburg 

n  + UKQCD Collaboration (2005-) 
•  Univ. of Edinburgh  
   5 faculty, 1 fellows, 1 staff,  
   2 PostDocs, 4 students 
•  Univ. of Southampton 

2 faculty, 1 Postdoc, 2 students 
CERN,Julich 
 

n  + JLQCD (planned since 2010) 
•  KEK,   Tsukuba & Osaka Univ 

 
(# of personnel: accumulation of last 3 years) 

	  16	  current	  students,	  	  
	  ~20	  PhD	  theses	  since	  2005	  	  	
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Synergy with  
RIKEN BNL Research Center	

n  RBRC   
  T.D. Lee   1997-2002 
  N.P. Samios 2003- 
 

•  Lattice  
•  Nuclear Theory        
•  Experiment 

• Renewing MOU with BNL for JFY 2012-2017 
 

n  Synergy with HEP Theory group 

•  Three generations of RBRC computers for Lattice 
 
QCDOC, the prototype of IBM’s Blue Gene series, 
 was a seed for USQCD’s LQCD 
 

•  Joint Fellows with Universities/Labs 
•  Various  PostDocs (in-house, RIKEN grants….) 
•  Junior Research Associate (Students) 

•  Produced a lot of tenured faculty in US, Japan and Europe.    
 
Tenured faculty: 29 (theory) + 15 (exp)   
out of   24 (theory)+15 (exp) fellows and  30(theory)+19(exp) PostDocs. 
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n Formal study 

n QCDCQ 

n Ensemble Generation & 
Algorithm 
 
ensemble is publically available for 
US & international community 
 
 
[ Van de Water’s talk ] 

n QCD+QED	  	  &	  	  	  g-2 LbL 

n Proton Decay 

n Electric Dipole Moment of 
Proton/Neutron 

n η-η’ Spectroscopy and 
their Mixing 

n  Strangeness Contents of 
Nucleons 

Menu of Lattice Activities & Plans 
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n  Pion Kaon Weak Matrix Elements 
B_K 
Im (A_2) and  Re( A_2)   
Re( A_0 ) 

    Im (A_0)  

   KL-KS mass difference and  
   long distance contribution to εK 

n  B- and D- meson Weak Matrix Elements 
 
  Static limit Quark 

      Relativistic Heavy Quark  

n  Lattice world average 
 

  	



Theoretical  Studies  [M. Creutz]	

ü Phase structure of QCD in 
(mu, md) plane 
 
[ PRD83.016005,  Annals. Phys. Phys. 326:911 (2011) ] 
 
 
 

n  Ising-like 2nd order 
 at |mu+md| < |mu-md| 
 
 

n  Phase transition occurs at non-
vanishing mu and md 

• Long distance physics without small 
Dirac eigen values 
 
 

n  No transition at mu=0  
when md is non-zero 

• No long distance physics despite 
small Dirac eigen values 

ü Minimal Doubling Fermions 
  [ PRD83:094506 (2011), JHEP 1012:041, 

      PRD82:074502, JHEP 1009:027 (2010) ] 
 
   Works with  Tatsuhiro Misumi & Taro Kimura 
    also with Mainz  group (Capitani, Wettig et. al. ) 

ü Two reviews articles 
               Annals Phys, 324:1573 (2009) 
               Acta Physica Slovaca 61:1 (2011)	

Comment
• Aoki phase physical ifmu != md

• at fixedms != 0:
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QCD+QED simulation 
[ PRD 82:094508 (2010), PoS KAON09:034 ] 

n  Breakings of  isospin symmetry 

n    Electric charge    qu = +2/3 e , qd = - 1/3 e 
n    quark masses       mu ≠  md 
 

n  Compute Pion/Kaon using Nf=2+1 DWF  QCD + QED 
  Requiring  mq   < 40 MeV (70MeV),  48 (120)  
partially quenched data points for PS meson survive 
 

n  Fit to chiral perturbation theory with EM  
(SU(3)+EM or SU(2)+Kaon+EM) to  
extract quark masses.  

   an extension of SU(2)+Kaon ChPT  
      [ RBC-UKQCD PRD78:114509, PACS-CS, MILC, … ] 

n  Chiral symmetry of DWF is used to define   
 quark massless points. 
 
 

n  Input: experimental data  
         M_pi, M_K(+), M_K(0) 

n Output:  quark masses   mu, md, ms 

m N ¡ m P = 1:2933317(5)M eV
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New Renormalization Schemes  

n   Match the  normalization of operator on lattice and  
in continuum theory (MS)  via  RI/SMOM schemes 
             

n We find symmetric momentum (SMOM) configuration is useful to reduce one of  
the dominant systematic errors due to IR effects.  

n  Quark mass renormalization  error   
 
         ~10% (MOM) →  ~ 5% (SMOM)  →  ~ 2% (SMOM 2-loop) ,   
                                                     [ L. Almeida, C. Sturm, PRD82:054017 (2010)] 

n   Using different RI/SMOM schemes (using various spinor projections)  
   to check the systematic errors 

n  5 different schemes  for  the four quark operator for   B_K  to estimate  
the 2 loop effects. 

n  Now extended to Delta S = 1 operators ( including Delta I = ½ ) 

          [C. Lehner & C. Sturm, arXiv:1104.4948]        
and  Step-scaling   [R. Arthur & P. Boyle, PRD83 114511 (2011)] 

n  C. Sturm  :  an example of cross fields fertilization 

 [09 C. Sturm, Y. Aoki, N. Christ, TI, C. Sachrajda, A. Soni PRD80:014501 (2009) ] 
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q = p1 p2

p1 p2

q2	  =	  p12	  =	  p22	  



The	  masses	  of	  up	  and	  down	  quarks	  determined	  are	  compiled	  in	  “Review	  of	  Par:cle	  Physics”	  2011	  :	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  5	  LATTICE	  (2	  DWF	  +	  EM	  	  and	  3	  staggered)	  	  and	  	  4	  THEORETICAL	

n Application of  Results : 
• Origins of isospin breakings 
 in hadron masses 

• Neutron / Proton mass difference 
• Breaking of Dashen’s theorem 
• Breaking in fK / fπ, Kl3, 
and  Delta I = ½ rule, ε’/ε ? 10	
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Charged Kaon
(repulsive EM)

Neutral Kaon
(attractive EM)

K ± K 0

M
K 0
!M

K± = 3.937(29) MeV	

5.23(14)	  MeV	  	  from	  	  	  (md-‐mu)	  
-‐1.327(37)	  MeV	  from	  QED	

Theore:cal	  Origins	  of	

0 1 2 3 4 5 6 7 8
mu (µ=2 GeV, MS)   [ MeV ]

RBC     10   LATT   0.1

DAVIES          10   LATT   0.0

DOMINGUEZ 09   THEO   7.8

DEANDREA   08   THEO   0.0

JAMIN            06   THEO   0.0

MASON         06   LATT   1.6

NARISON      06   THEO   0.6

chi2tot = 24.9

PDGlive 2011 July  
weighted average 2.34 +/-  0.17 (error scaled by 2.0)

2 3 4 5 6 7 8 9
md (µ= 2 GeV, MS)   [MeV]

RBC      10   LATT   0.1

DAVIES          10   LATT   0.0

DOMINGUEZ 09   THEO   1.7

DEANDREA   08   THEO   0.0

JAMIN            06   THEO   0.0

MASON         06   LATT   1.6

NARISON      06   THEO   0.6

chi2tot = 4.1

PDGlive 2011 July
weighted average 4.78 +/-  0.09 (error scaled by 0.8)



QCDCQ  (QCD machine for Chiral Quarks)  	

n QCDCQ Computer 
• Successor of QCDSP (99- 1Tflops),  

                   QCDOC (05- 10Tflops) 
•  Pre-commercial machine of IBM’s 

Blue Gene Q, designed & developed 
by IBM, RIKEN-BNL, Columbia & 
University of Edinburgh. 

   [ P. Boyle, N. Christ, C. Jung ] 
• 210 T flops peak / rack 
• 2 racks for RIKEN-BNL (DD1)   $1M 

1 racks for BNL (DD2) in 2011 $1.5M 
  + 1 or 0.5 racks for USQCD ? 

• 4 racks at University of Edinburgh 
 

n  More accurate calculations 
     Mπ  =  300 MeV  è 180,  135 MeV 

•  Improve tests of SM and beyond, CKM, radius 
of proton, …. 

n   New calculations will become possible 
•  (g-2)_mu LbL, EDM, epsilon’/epsilon, 

strangeness in Nucleons, …. 
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muon’s anomalous magnetic moment

• One of the most precisely determined numbers, starting from the construction of QED.

γ

γ

µ µ

γ

γ γ

µ µhad

γ

W W

ν

µ µ

Hadronic light-by-light scattering contribution to the muon g− 2 from lattice QCD Masashi Hayakawa

could be estimated by purely theoretical calculation. So far, it has been calculated only based on
the hadronic picture [7, 8]. Thus the first principle calculation based on lattice QCD is particularly
desirable.

!

l1l2

Figure 1: hadronic light-by-light scattering contribution to the muon g− 2

The diagram in Fig. 1 evokes the following naive approach; we calculate repeatedly the cor-
relation function of four hadronic electromagnetic currents by lattice QCD with respect to two
independent four-momenta l1, l2 of off-shell photons, and integrate it over l1, l2. Such a task is too
difficult to accomplish with use of supercomputers available in the foreseeable future.

Here we propose a practical method to calculate the h-lbl contribution by using the lattice
(QCD + QED) simulation; we compute

� quark �

QCD+quenched QEDA

−
�

quark

�

QCD+quenched QEDB� �

quenched QEDA

, (2)

amputate the external muon lines, and project the magnetic form factor, and divide by the factor
3. In Eq. (2) the red line denotes the free photon propagator D! (x, y) in the non-compact lat-
tice QED solved in an appropriate gauge fixing condition. The black line denotes the full quark
propagator Sf (x, y;U, u) for a given set of SU(3)C gauge configuration

�
Ux,!

�
and U(1)em gauge

configuration
�
ux,!

�
, where the sum over relevant flavors f is implicitly assumed. The blue line

represents the full muon propagator s(x, y; u). The average �, � above means the one over the
unquenched SU(3)C gauge configurations and/or the quenched U(1)em gauge configurations 1 as
specified by the subscript attached to it. Since two statistically independent averages overU(1)em
gauge configurations appear in the second term, they are distinguished by the labels A, B.

1For the unquenched QCD plus quenched QED to respect the gauge invariance of QED, the electromagnetic charges
of sea quarks are assumed to be zero.

P
o
S
(
L
A
T
2
0
0
5
)
3
5
3

353 / 3

aµ =
g − 2

2
= (116 592 089 ± 54 ± 33) × 10−11 BNL-E821

[Andreas Hoecker, Tau 2010, arXiv:1012.0055 [hep-ph]]

Contribution Result (×10−11).
QED (leptons) 116 584 718.09 ± 0.15
HVP (lo) 6 923.± 42
HVP (ho) -97.9 ± 0.9
HLBL 105.± 26
EW 154.± 2

Total SM 116 591 802 ± 42HVP(lo) ± 26HLBL ± 02 (49tot).

• 287 ± 80 or 3.6σ difference between experiment and SM prediction.

E989 at FNAL is to reduce the total experimental error by,
at least, a factor of four over E821, or 0.14 ppm !

Taku Izubuchi, USQCD All Hands Meeting, JLab, May 6, 2011 20
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Hadronic Light-by-Light computation on lattice

• Goal : determine HLBL with ∼ 10 % accuracy.
[INT-11-47 Workshop on Hadronic Light-by-Light Contribution to (g − 2)µ (2011)]

• Direct QCD+QED computation of (g − 2)µ Hadronic light-by-light diagram.

Hadronic light-by-light scattering contribution to the muon g− 2 from lattice QCD Masashi Hayakawa

could be estimated by purely theoretical calculation. So far, it has been calculated only based on
the hadronic picture [7, 8]. Thus the first principle calculation based on lattice QCD is particularly
desirable.

µ

elastic scattering amplitude
of two photons by QCD

l1l2

Figure 1: hadronic light-by-light scattering contribution to the muon g− 2

The diagram in Fig. 1 evokes the following naive approach; we calculate repeatedly the cor-
relation function of four hadronic electromagnetic currents by lattice QCD with respect to two
independent four-momenta l1, l2 of off-shell photons, and integrate it over l1, l2. Such a task is too
difficult to accomplish with use of supercomputers available in the foreseeable future.

Here we propose a practical method to calculate the h-lbl contribution by using the lattice
(QCD + QED) simulation; we compute

� quark �

QCD+quenched QEDA

−
�

quark

�

QCD+quenched QEDB� �

quenched QEDA

, (2)

amputate the external muon lines, and project the magnetic form factor, and divide by the factor
3. In Eq. (2) the red line denotes the free photon propagator Dµ!(x, y) in the non-compact lat-
tice QED solved in an appropriate gauge fixing condition. The black line denotes the full quark
propagator Sf (x, y;U, u) for a given set of SU(3)C gauge configuration

�
Ux,µ

�
andU(1)em gauge

configuration
�
ux,µ

�
, where the sum over relevant flavors f is implicitly assumed. The blue line

represents the full muon propagator s(x, y; u). The average �, � above means the one over the
unquenched SU(3)C gauge configurations and/or the quenched U(1)em gauge configurations 1 as
specified by the subscript attached to it. Since two statistically independent averages over U(1)em
gauge configurations appear in the second term, they are distinguished by the labels A, B.

1For the unquenched QCD plus quenched QED to respect the gauge invariance of QED, the electromagnetic charges
of sea quarks are assumed to be zero.
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2
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0
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)
3
5
3
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Hadronic light-by-light scattering contribution to the muon g− 2 from lattice QCD Masashi Hayakawa

To explain the mechanism underlying our method, let us look at the first term of Eq. (2)
perturbatively with respect to QED. Its magnetic components up to O(!3em) consist of

O(!2em)+O(!3em)

�

quark

�

QCD� �

1+O(!em)

O(!3em)

�

quark

�

QCD

�

quark

�

QCD×O(!em)

. (3)

The diagram in the first line gives the O(!2em)-contribution. The O(!em)-corrections to its muon
part and to its quark part induce the O(!3em)-contributions shown in the first line and in the right
diagram on the second line respectively. We recall that the QED gauge configurations in the first
term of Eq. (2) are commonly shared by the quark part and the muon part. Hence, the photons
can be exchanged between the two parts. As a consequence, the left diagram in the second line of
Eq. (3) is induced atO(!3em), which takes the form of our target, Fig. 1. Alternatively, the quark and
muon parts in the first and third diagrams in Eq. (3) are connected only by a single photon attached
a priori. The second term in Eq. (2) also contains those extra diagrams. Thus, by subtracting the
second term from the first term, we may extract the h-lbl contribution.

The quantities evaluated in our method (2) are constructed from two currents for both terms,
which are surely less noisy than the case of four currents encountered in the naive approach. Amaz-
ingly, the only difference between the first and second terms of Eq. (2) is the ways averaging over
the U(1)em gauge configurations. The h-lbl contribution should thus emerge as such a subtle dif-
ference in averaging procedure.

For our method to work efficiently, it is important to implement the cancellation of O(!2em)-
term in Eq. (3) without too much statistics. Sharing the same ensemble of U(1)em gauge configu-
rations between the first term and the QEDA part of the second term is one such method since the
O(!2em)-correction to the muon vertex in both terms will be highly correlated. Furthermore, we
organize Eq. (2) in the manner;

Hµ(tF , xc, tI)

≡
Zµ
3

��

"
x,y
"
�xF
e−i�pF ·�xF s(xF , x; uA)e#$ "

�xI
ei�pI ·�xI s(x, xI ; uA)

×D$% (x, y)

×"
f
Q2f

�
tr
�
#µSf (xc, y;U, uA)e#%Sf (y, xc;U, uA)

�

−
�
tr
�
#µSf (xc, y;U, uB)e#µSf (y, xc;U, uB)

��
uB

��

uA

�

U
, (4)
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0
5
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3
5
3
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• O(e6) two loop QED, l1 l2, besides QCD, 8 dimension integral.

• Muon and Photon parts is fully known analytically.

• QCD+QED simulation has unwanted diagrams, which should be taken as parts of the
photon’s vacuum polarization and the vertex correction. O(e4, e6).

Taku Izubuchi, USQCD All Hands Meeting, JLab, May 6, 2011 22



Tackling disconnected quark loops	

• Brute force calculation  
Nf=2+1           [PRL 100:241601(2010)] 
 
 
 

 
 

• Optimized (multi) hadron fields    
Direct computation of Re (A0) 

[ arXiv:1106.2714  (2011) ] 
 

π and η′ propagators

4 / 20

• The interpolation field for π and η′ in NF = 2:

π+ = qu(x)γ5qd(x), η′(x) =
1√
2

∑

f=u,d

qf (x)γ5qf (x)

• η′(x) propagator is consists of a connected quark loop, C(t), and the
disconnected loops, D(t):

∑

!x

〈π+($x, t)π−($0, 0)〉 = C(t)

d

u

C(t)

∑

!x

〈η′($x, t)η′($0, 0)〉 = C(t) − D(t)
qf

qf

C(t)

−

qf
qf

D(t)

Qtop

! !"#$%&'()*+",-'.,(%*'/0'12!"#!  problem)

!  ~15 % stat. error  on 

 Nf=2 [K. Hashimoto] &  Nf=2+1 [Q. Liu]

! Challenging yet important calculations

such as I=1/2 ! K!"" , '/" "

,  or (g-2)
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 light-by-light, Strange quark 

contents in Nucleon (Dark matter detection)
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• New algorithms to accelerate 

propagator computations  
[ EigCG, MaDWF ]  
 (see B. Mawhinney& H. Yin  @ LAT11) 

•  Improved statistcs by Low eigen-
mode averaging 

• New Idea Electric Dipole 
Moment (EDM) of Nucleons 
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Much	  improved	  Re(A_0)	  	  and	  1st	  determina:on	  of	  
Im(A_0)	  	  expected	  	  very	  soon	  (see	  Qi	  Liu’s	  talk@LAT11)	



Where are they now ? Lattice	
Name             When at BNL        Current Position                     	

Sinya Aoki                                        1987-89       Faculty at University of Tsukuba	

Andreas Gocksch    1988-93   Finance	

Aida El-Khadra    1989-91   Faculty at University of Illinois	

James Simone (gs; UCLA)   1989-91   Scientist at Fermilab Computer Division	

Kenton Yee (gs; UCLA)   1989-92   Lawyer	

Claudio Parrinello (gs; Univ. Pisa)  1992-94   Faculty at University of Liverpool 

Ivan Horvath (gs; Rochester)  1992-95   Faculty at University of Kentucky	

Wendy Schaffer    1993-96   Medicine/Sloane Kettering	

Tom Blum     1995-04   Faculty at University of Connecticut	

 Matt Wingate    1997-00   Faculty at Cambridge University	

 Chris Dawson     1998-07   Faculty at University of Virginia, Google	

 Shoichi Sasaki                              1998-00               Faculty at University of Tokyo	

 Tilo Wettig     2000-04   Faculty at Regensburg	

 Kostas Orginos    2000-03   Faculty at William & Mary	

 Yasumichi Aoki                               2000-03, 2006-2010    Faculty at Nagoya University	

                           	

gs = graduate student  
CWS = Came with own fellowship support 
LDRD = Laboratory Directed Research and Development   
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Name             When at BNL        Current Position                      
 

Sasa Prelovsek     2001-02   Faculty at Ljubljana	

Jack Laiho (gs; Princeton)   2001-04   Faculty at University of Glasgow	

Yukio Nemoto                                  2001-04　　　　　       Post-doc at Nagoya University	

Federico Berruto    2002-04   Finance 

Jun-Ichi Noaki     2002-05   Five years fellow at KEK 

Takanori Sugihara                     2003-05            RIKEN Super computer R&D center 

Norikzu Yamada    2003-06   Faculty at KEK 

Takashi Kaneko (CWS)       2004-05             Faculty at KEK 

Koichi Hashimoto (gs; Kanazawa Univ)  2004-06       HPC Computer Company 

Takeshi Yamazaki    2004-07   Faculty at Nagoya University 

Takumi Doi                               2004-07            Post-doc at University of Tsukuba 

Enno Scholz     2005-08   Faculty at Regensburg 

Tomomi Ishikawa                     2006-09   Post-doc at University of Connecticut 

Adam Lichtl                              2006-09            Finance 
  
                               
  
gs = graduate student  
CWS = Came with own fellowship support 
LDRD = Laboratory Directed Research and Development   
 

 

Where are they now ? Lattice  
(contd.)	
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Summary  
n  Lattice QCD  is becoming a practical tool for non-perturbative 
calculation from  first principles in particle physics. 
       (bridge between experiment and theory) 

n  DWF, preserves chiral symmetry, is the simplest choice for 
(Weak) Matrix elements (→ R. Van de Water's talk), which are   
necessary ingredients  for precise checks of the Standard Model of 
particle physics and beyond.   

n  DWF  Nf=2+1 are being carried out thanks to many developments 
in theory, hardware, and algorithms.  

n  New hardware  QCDCQ (BG/Q)  
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n Improved	  and	  New	  Physics	  quan::es	  :	  
n  Theore:cal	  analysis	  	  
n  Isospin	  breaking	  effects	  from	  QCD+QED	  simula:on	  
n  New	  renormaliza:on	  schemes	  	  RI/SMOM	  	  
n  Weak	  Matrix	  Elements	  BK,	  	  ε'/ε,	  	  	  B	  &	  D	  Physics	  
n  disconnected	  diagrams	  	  η',	  	  g-‐2	  LbL,	  Proton/Neutron	  EDM,	  
	  strangeness	  in	  Nucleon	  ...	  	  



Appendix	
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QCDCQ target ensemble 	QCDCQ Target QCD Vacuum Ensemble [Norman Christ]

Volume 1/a L m Time units mquarka

323 x 64 1.40 G e V 4.5 fm
180 Me V 200 0.001+0.0018

250 Me V 1000 0.0042+0.0018

243 x 64 1.73 G e V 2.7 fm
315 Me V 9000 0.005+0.0032

402 Me V 9000 0.01+0.0032

323 x 64 2.32 G e V 2.7 fm

300 Me V 7000 0.004+0.0006

350 Me V 8000 0.006+0.0006

410 Me V 6000 0.008+0.0006

Volume 1/a L m Time units mquarka Q C D C Q
Rack Y rs.

483 x 64 1.40 G e V 6.7 fm 140 Me V 3000 0.0001+0.0018 0.5

483 x 64 2.32 G e V 4.0 fm 180 Me V 6000 0.001+0.0006 0.25

323 x 8 1.40 G e V 4.5 fm 140 Me V 200,000 0.0001+0.00018 0.6

Taku Izubuchi, Nagoya, April 6, 2011 61
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QCDCQ target ensemble (contd.)	QCDCQ Target QCD Vacuum Ensemble [Norman Christ]

Volume 1/a L m Time units mquarka Q C D C Q
Rack Y rs.

483 x 64 1.40 G e V 6.7 fm 140 Me V 3000 0.0001+0.0018 0.5

483 x 64 2.32 G e V 4.0 fm 180 Me V 6000 0.001+0.0006 0.25

643 x 128 2.32 G e V 5.4 fm 140 Me V 6000 0.0004+0.0006 2.5

323 x 8 1.40 G e V 4.5 fm 140 Me V 200,000 0.0001+0.0018 0.6

483 x 8 1.40 G e V 6.7 fm 140 Me V 200,000 0.0001+0.0018 2.8

483 x 12 1.73 G e V 5.4 fm 140 Me V 200,000 0.0005+0.001 2.0

• Coarse and Large lattice for Nucleon Physics and K → ππ on

physical quark mass

• Fine lattice scaling study on physical quark mass for accurate de-

termination for basic quantities.

• Thermo dynamics studies using chiral lattice quark with

physical mass.

Taku Izubuchi, Nagoya, April 6, 2011 62
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QCD+QED Other Results	

n Breaking of Dashen’s theorem (NLO, O(m e2), effects in ChPT) 
                       [ C. Aubin et al. (MILC)    PRD70: 114501 (2004) ] 
 
 
 

                                                              (statistical error ony) 

 

n  “Iso symmetric QCD” values,  
  e=0, at mu=md=mud : 

 

n  Gasser & Leutwyler’s  Kappa values : 
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Nucleon mass splitting in NF = 2, 2 + 1
(qu − qd) effect
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MN −Mp|QED = −0.383(68) MeV

MN −Mp|quark mass = 2.24(12) MeV

=⇒ MN −Mp| = 1.86(14)(47)FV,fit MeV

(experiment:1.2933321(4)MeV)

Taku Izubuchi, JLQCD-RBC-UKQCD workshop, Univ. of Edinburgh, May 25, 2011 26
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O(e) error reduction
• On the infinitely large statistical ensem-

ble, term proportional to odd powers of
e vanishes. But for finite statistics,

�O�
e
= �C0�+�C1� e+�C2� e2+ · · ·

�C2n−1� could be finite and source of
large statistical error as e2n−1 vs e2n.

• By averaging +e and −e measurements
on the same set of QCD+QED configura-
tion,

1

2
[�O�

e
+�O�−e

] = �C0�+�C2� e2+· · ·

O(e) is exactly canceled.

• More than a factor of 10 error reduction,
corresponding to ×100 measurements
by only twice computational cost (vs
naive reduction factor

√
2).

 0
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 14

 0  1  2  3  4
|(q1-q3)/(e/3)|

sqrt(2)

Taku Izubuchi, Nagoya, April 6, 2011 34
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Other recent works of isospin breaking on lattice

• [A.Portell, LAT10 (BMW)] EM correction to hadron masses

• [A. Torok, LAT10] [E. Freeland, LAT10]

[MILC Collaboration (S. Basak et al.) PoS LAT2008 127]

EM splitting using MILC ensembles. The breaking of Dashen’s theorem

∆M2
D = (M2

K± − M2
K0)em − (M2

π± − M2
π0)em

• [A. Wallker-Loud, LAT10]

Using anisotropic clover, mu − md from mΞ− − mΞ0, derive (mp − mn)md−mu.

• [I.Baum, LAT10]

• [McNeile, Michael, Urbach (ETMC) PLB674(09) 286] ρ− ω mass splitting using twisted

Wilson fermion. Discussed ρ − ω mixing from mu − md. Measure disconnected quark

loop correlation.

• [JLQCD (E.Shintani et. al.)PRL 101(08) 242001, PRD79(09)] Calculate ΠV − ΠA ,

derive the EM contribution to the pion’s charge splittings in quark massless limit and

the S-parameter using overlap fermion.

• [NPLQCD NPB 768 (07) 38] Calculate (mp − mn)md−mu. PQChPT for nucleon mass.

Taku Izubuchi, Wuppertal, May 2, 2011 27



RI/SMOM scheme	
n  Renormalization scale of RI/MOM is set by the momentum of the 

fermion external lines’ p2 

n  p2 has to be large to avoid the unwanted infrared effects from the 
spontaneous chiral symmetry breaking, absent in the 
perturbation. 

n  Exceptional momentum (sum p =0) is easy for perturbation, but 
has the unwanted effects (Weinberg’s theorem).  It actually 
diverges in PS channel (pion pole) at the chiral limit. 

n  RI/SMOM  sets  Non-exceptional symmetric  momentum 
configuration,  which reduce the unwanted IR divergence. Also 
perturbative convergence is  better to 2 loop.	
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q = p1 p2

p1 p2

q2	  =	  p12	  =	  p22	  

k

pp p − k

k

k

k

q Γµ(0)q



Results of RI/SMOM	

10
p2 [GeV2]

0.001

0.01

P-
S

1/p6

323

243

n Residual unwanted 
effects from chiral 
symmetry breaking 

  ~  1 %   at  p = 2 GeV 
           [ Y. Aoki  LAT09 ] 
 

n  2-loop  conversion factors. 
Truncation errors are smaller 
for SMOM	
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Question about quark masses 
[ M. Creutz ] 	

n π,η’ cause mixing among  uL, uR, dL, dR

  effect of anomaly   ‘t Hooft vertex 
n This may cause an effective RG running for 

mu/md, and thus scheme dependent.
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Massless two flavor QCD
• massive proton, neutron, eta prime, glueballs
• 3 massless Goldstone pions

Eta prime and neutral pion: distinct mixtures of uu, dd , and glue

u

u d

d

R

L

R

L

!, " ’

• anomaly: π0 and η′ not degenerate
• four point vertex 〈uLuR dLdR〉 does not vanish

• if no anomaly: π0 and η′ would cancel

Helicity-flip quark-quark scattering not mass suppressed

Now turn on a small d quark mass

• closing d loop induces uL uR mixing

u

u d

d

R

L

R

L

!, "
md

’

• gluons inserted to compensate for odd meson parity

Non-zero d quark mass induces an effective mass for the u quark
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HLBL subtraction [Lattice2005, hep-lat/050916]

• Use one analytic photon propagator, which help to reduce statistical error from QED.

• Other two photons emerge stochastically (2 stochastic photon propagators).

• Use the parallel 4D FFT.

• In subtracting observables, the up stairs and down stairs are averaged separately, then
multiplied together with the analytic photon.

• Correlations between the subtracted and the subtracting help to reduce the statistical
error.

Hadronic light-by-light scattering contribution to the muon g− 2 from lattice QCD Masashi Hayakawa

could be estimated by purely theoretical calculation. So far, it has been calculated only based on
the hadronic picture [7, 8]. Thus the first principle calculation based on lattice QCD is particularly
desirable.

µ

elastic scattering amplitude
of two photons by QCD

l1l2

Figure 1: hadronic light-by-light scattering contribution to the muon g− 2

The diagram in Fig. 1 evokes the following naive approach; we calculate repeatedly the cor-
relation function of four hadronic electromagnetic currents by lattice QCD with respect to two
independent four-momenta l1, l2 of off-shell photons, and integrate it over l1, l2. Such a task is too
difficult to accomplish with use of supercomputers available in the foreseeable future.

Here we propose a practical method to calculate the h-lbl contribution by using the lattice
(QCD + QED) simulation; we compute
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QCD+quenched QEDA

−
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quark
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, (2)

amputate the external muon lines, and project the magnetic form factor, and divide by the factor
3. In Eq. (2) the red line denotes the free photon propagator Dµ!(x, y) in the non-compact lat-
tice QED solved in an appropriate gauge fixing condition. The black line denotes the full quark
propagator Sf (x, y;U, u) for a given set of SU(3)C gauge configuration
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1For the unquenched QCD plus quenched QED to respect the gauge invariance of QED, the electromagnetic charges
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Preliminary Results for QED
[Saumitra Chowdhury Ph.D. thesis+Recent results]

• Only QED (e = 1).

• Extract F2(q
2) from the three point function on 163 × 32, Ls = 8

• mµ = 0.4 (unphysically heavy), ml = 0.01

• O(100 − 1, 000) QED configurations.F2 mµ/me = 40 (QED only)
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Fig. 5.31: Anomalous magnetic moment (F2) of muon as a function of time slices

of the external vertex (top) on lattice volume of 163×32×8 with loop

mass =0.01, line mass = 0.4, charge = 1 (for both electron and muon).

F2 = (1.32± 0.13)× 10−4 (lowest non-zero momentum, stat error only)

Continuum PT result: ≈ 10(α/π)3 = 1.63× 10−4 (e = 1)

roughly consistent with PT result

14

F2(0) (QED only, degenerate leptons)
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Fig. 5.30: Anomalous magnetic moment (F2) of electron as a function of time

slices of the external vertex (top) on lattice volume of 163×32×8 with

loop mass =0.4, line mass = 0.4, and electron charge = 1.

F2 = (−0.50± 0.37)× 10−5 (lowest non-zero momentum, stat error only)

Continuum PT result: 0.36(α/π)3 = 0.585× 10−5 (e = 1)

Statistical error same order as PT result

12

• Non zero signal with a reasonable magnitude is obtained.

Taku Izubuchi, USQCD All Hands Meeting, JLab, May 6, 2011 24
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muon’s anomalous magnetic moment computation on
lattice

• π0 → γ(∗)γ(∗) form factors or transition function [Eigo Shintani] :
one of the significant part of HLBL

aLbyL
µ = −e6

�
dq41dq

4
2

(2π)8
f(q1, q2,m

2
µ) ×

�
fπ0∗→γ∗γ∗(q

2
1, (q1 + q2)

2)fπ0∗→γ∗γ(q
2
2, 0)

q22 + m2
π

�
+ · · ·

GPV V
µν (P2, Q) =

�

x,y

e−iQx−iP2y
�
2mqP

3(x)V EM
ν (y)V EM

µ (0)
�

0 0.05 0.1

(am
π
)
2
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f π
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K -> π π Decays 

n Miani-Testa theorem: Large times yield  
π π at rest:  
 < π π(t) Hw(0) K(-t) >  ->  <π π(p=0)|Hw|K>.	

• Use finite box with anti-periodic boundary conditions  to force pπ ≠ 0. 
• Give the K a finite momentum (Lab frame) 

n Lellouch Luscher formula 
Lellouch and Lüscher formula (cont’d)

’01 Lellouch and Lüscher

Relation of on-shell decay amplitude in infinite volume |A|(CM) and on

finite volume |M |(CM)

|A|2 = 8π

(

Eππ

p

)3 {

p
∂δ(p)

∂p
+ q

∂φ(q)

∂q

}

|M |2

where Eππ = 2
√

m2
π + p2 = mK

δ : scattering phase shift

tanφ(q) = −
qπ3/2

Z00(1; q2)
, Z00(1; q2) =

1√
4π

∑

n∈Z3

1

n2 − q2

δ(p) is obtained by δ(p) = nπ − φ(q), q = Lp/2π. l > 1 is neglected.

’91 Lüscher

21



!"#$%&'()*"(%+,&%-+./%0%/12

!"#$%&'("")*"+,-"+.//,01&223"4
!"#$%&""5*"6.78,9:/:"4

33	



!"#$#%&'()$"#%*+,-*#%*./$$01(

*!("2/%(%$*+3(1$"01*,04#3(*-#2(%$*5+,-6*07*/*708%/$)"(*#9*:!*5#"*;02(*
"(<("7/36**7=22($"=*<0#3/$0#%>

?*7#)"1(*#9**:!*<0#3/$0#%*@

Strong CP: vacuum angle  ! ,  is implemented on lattice with analytically continued to 
pure imaginary (Monte Carlo simulation)

+,-*07*2(/7)"(A*$B"#)8B*$B(*(3(1$"01*9#"2*9/1$#"*C!"D#$ 

**

!" #$%&'(&)&*+,-

!" % "!#

!" !!"

$ ! "%$

$ % &&'' &&(' (&)' (&#' (&(

!
(!")

!$#* "#$ "+$#( !")$
"

%
% ,!"+

"$-$ * ,""+
"$
+&.$&
#/'

* %$,#"+
"$
+&.$&-$
#/'

* $ $ $ ' + % )! " )

"( % +,-
)!"%

0

#/'

,#"+
"$

(
.(

* &'$ %
#

)

0).+-$+

34	



Preliminary Results of NEDM	
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n  θ = 0.2 (left) and θ=0.4 (right)  
n  Dipole ansatz 
n  Has the systematical error from chiral breaking of clover fermion. 

     [ Aoki, Gocksch, Manohar, Sharpe PRL 65 1092 (1990) ] 

n  DWF simulation is planned to remove the lattice artifact.	
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QCD* machines and Blue Gene

• QCDSP (48 GF/rack peak), TI DSP C31 (1993-1998)
12 racks at RBRC, 600GF

• QCDOC (0.8 TF/rack) 180nm ASIC (2003-2005)
1 core, System on Chip, 12 racks at RBRC, 10TF,
$1/Mflops(sustained)

• BG/L (5.7TF/rack) 130nm ASIC (1999-2004)
dual core system-on chip

• BG/P (13.9 TF/rack) 90nm ASIC (2004-2007)
quad core, DMA

• QCDCQ (205 TF/rack) 45 nm (2007-2011)
16 core, $0.02/Mflops(sustained)

• Low power consumptions −→ large number of nodes (1,024) per rack

• High memory/interconnect Bandwidth

• Gives efficient performance for lattice QCD

Taku Izubuchi, Nagoya, April 6, 2011 55



 Resources	!"#$%&'&(")'*+,-."%,/-.
0!12!+3++124+5++676!+8+++9::;<$,-.-)&++=:+5+=:++>?@2AB+$-'C

DB0!1+++5+"&E-,+,-."%,/-.+3>-,'F,(GH++6IJ4KLM'$')8++++++++++++++++++++++++

9::;<9::NO++=P+>?@2AB+3$-'C8+Q-',+++=+",+9+$,"$".'*.++&"+DB0!1

+++++++++++KRS9H+95=++0!1+T'/%%#H+UV4H+7WJH+4VH+XXXX

+9::YO+Y:+>?@2AB+3$-'C8+Q-',+++++9+$,"$".'*.

++++++++++0!1+T'/%%#+5++$(HJ++IK!I>4+Z@!?+=Y:+V+7[LA+/",-+E"%,.+++3N:+>?@2AB+Q-',+8

++9::\O+;:+>?@2AB+3$-'C8+Q-',+++]+$,"$".'*.

+++++++++0!1+T'/%%#+5+$(H+J++IK!I>4+Z@!?+NY+V+7[LA+/",-+E"%,.+3P:5P+>?@2AB+Q-',+8
++++++++++++B&'&(/<7H+!A^+=:+V+0!1+)"G-+E"%,.++3:X\P+>?@2AB+Q-',+8

++++++++++++6-*'&(T(.&(/<7++9X_+V+_)<)"G-+E"%,.++3+;X\+>?@2AB+Q-',8

++9:=:O++\N++>?@2AB+3$-'C8+Q-',++N+$,"$".'*.

++++++++++0!1+T'/%%#+5+$(H+J++IK!I>4+Z@!?+N;+V+7[LA+/",-+E"%,++3P:59+>?@2AB+Q-',8
+++++++++++++4VH+K%/*-")++H+B&'&(/<7+

+++++++++++++++++6I!!36IJ4KLM'$')8++\X=;+V+6I!!+/",-+E"%,.++++++++++3=9++>?@2AB+Q-',+8

+++++++++++++4VH+K%/*-")++6I!!++=NX]+V+6I!!+/",-+E"%,.+++3]9+>?@2AB+Q-',8

++++++++++++6-*'&(T(.&(/<7+++]+V+M$.(+/",-+E"%,.+++3]+>?@2AB+Q-',8++

++++++++++++4V+++N+V+M$.(+/",-+E"%,.++++3N+>?@2AB+Q-',8

++++++K%/*-")+.&,%/&%,-.++>-,'F,(G++3%)G-,+,-T(-`8++++++++++++++++++++++++++

Taku Izubuchi, Nagoya, April 6, 2011 57

37	



38	  

BG/Q Rack 
Capacity for  

Four I/O Drawers 

Bulk Power Supply 

Another Bulk 
 Power Supply 
(Not Shown) 

Water Hoses 

Service Card for 
Upper Midplane 

Node Card 

Service Card for 
Lower Midplane 


